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INTRODUCTION

The three year period covered in the subject report was a considerable shift

from the previous years of work on shock wave turbulent boundary layer

interactions. The earlier work concentrated on simple "building block" experiments

and a search for fundamental understanding of the flow phenomena. In the subject

research, most of the work on fundamentals for the simple configurations was

stopped. The main emphasis for the first two years of the current program was on

complex configurations and the final year was a "close-out" program on a new

approach. The work on complex configurations was limited to two geometries

which used the much studied single sharp fin interaction, Fig. 1, as the initial

conditions. This shift in emphasis had two main purposes: 1) to test the ability to

use the building block experiments in more complex interactions required for

applications and 2) to provide a more critical test of computation which, although

giving the general characteristics for the building block experiments, did not give

highly quantitative results.

The primary activities for the first two years will be discussed in three major

groupings: (1) and (2) Discussions of the two complex configurations, and (3) a

description of the boundary layer conditions which are critical to the definition of

the experiment and the check by computational fluid dynamics. None of these three

efforts are totally complete, but they provide a unique set of results which sets

some perspective on the use of building block experiments and the ability of

computation to predict these complex flows. The specific test configurations were

chosen to provide the best definition of the test geometry and flow field, both to

clarify the interactions and to simplify the requirements for the computation.

oncentration was placed on complex interactions which are a link to direct
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applications for external aerodynamics, and particularly, for inlets and inlet-airframe

\ integration._fie work undertaken during the third year of the subject contract is

covered separately in the latter part of the report.

The work covered in the first two years is organized, in the following sections,

as follows:

1) A brief review of the three major efforts carried out, with the major

contributions and status of each program delineated.

2) A brief outline of the deferred studies, and the status of these studies.

3) Some comments on future possibilities.

4) The reports and publications generated during and since the grant years.

Although the r-'jor support for this work came under AFOSR Grant 89-0033,

monitored by Dr. Len Sakell, the level of support was inadequate to complete the

program. The OSR funds for the first two years were supplemented by funds from

NASA-Ames and Lewis Laboratories through NASA Grant NAG3-926, monitored by

Dr. Bernard Anderson and Dr. A. R. Porro, and NASA Grant NAG2-718, monitored by

Dr. Joseph Marvin.

Accesioi For

Staff Involvement (first two years): NTIS CRAI&I
OTIC IA13

Seymour M. Bogdonoff, Principal Investigator Uranno,1'ccd Lr_.

Kamal Poddar, Research Staff ictio ...................

W illiam Stokes, Technical Specialist (wind tunnel) BY ...............................................

Richard Gilbert, Technical Specialist (computer) A\. .j?'K;rI,, .

Andrew Ketchum, Graduate Student Dist iOVr:; .. II

Steve Toby, Graduate Student Aa
Wolfgang Konrad, Graduate Student Fi.
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Staff Ivolvement (third year):

Alexander J. Smts, Professor

Wolfgang Konrad, Graduate Student

The third year was funded under AFOSR Grant 89-0033, and the nature of that

work, and the results obtained, are discussed in Section 5.
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1. BRIEF REVIEW OF THE THREE MAJOR EFFORTS

The major activity f rw-a was directed at the two complex

-,interactions - crossing shocks and reflected shock interactions with a turbulent

. boundary laye., with a secondary effort placed on the study of the turbulent

boundary layer on the flat plate to define, in detail, the initial conditions for the.

above two tests. __.. .

a) The Cross Shock Configuration, Fig. 2

The initial highly detailed wall static pressure distributions and some very

preliminary nonsteady static pressure and heat transfer were completed during the

previous year and first reported in Ref. 1. High resolution wall static pressure

distributions and nonsteady measurements indicated new phenomena for this

interaction. The second phase of the study, completed during the following year,

concentrated on obtaining some general idea of nonsteadiness by using high

frequency wall static pressure measurements and reported in Ref. 2. These results

provided a good framework for the third phase of this work which concentrated on

the effect of fin length on the generated flowfield (as indicated by wall static

pressures).

The first pressure distribution results were provided to Prof. Doyle Knight and

Dr. Mike Horstman, and the first attempts to compute this flowfield are presented

in Ref. 3. Although the results for computations and experiments for simple fin

configurations showed general agreement, with significant differences in details, the

comparison for the complex cross shock interaction was much less satisfactory. The

distributions of static pressure on the wall, both longitudinal and transverse, show

significant differences. This throws considerable doubt on the ability of the

computations to provide the general flowfield models which were shown to be

effective for the simple configurations. The second data set, for longer fins, has
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been completed, with a wall static pressure distribution resolution of about half the

original work. The initial analysis of these results was presented at the AIAA Reno

Meeting, 1992, Ref. 4.

Results and Conclusions

1) The program has provided, at a Mach number of about 3, very detailed wall

static test pressure distributions for a range of configurations involving crossing

shocks and their interaction with turbulent boundary layers. The entrance

conditions are a well defined turbulent boundary layer, and the span to boundary

layer aspect ratio is about 30 while the height to boundary layer thickness aspect

ratio is about 20.. For symmetrical configurations, the data set provides results

from 7 to 110 shock deflections for the 9" fins, and 4 to 110 for the 11" fins. For

the assymetric configuration with the 9" fins, 7 to 130 was the range covered. The

static pressure distribution resolution was less than the original boundary layer

thickness for the 9" fins, with about twice that resolution for the 11" fins. The

detailed pressure distributions covered the full interaction on the floor, past the

exit for the 9" fins and close to the exit for the 11" fins.. The wide range of

geometries, as shown in Fig. 3, includes the interaction with no wall reflections, the

inviscid shock just touching the trailing edge of the fins, and with full reflections

from the fin walls. Some examples of the detailed wall pressure distributions are

shown in Figs. 4 and 5.

2) For the configuration studied, the extent of the initial single fin interactions

has been delineated. Once the structures from each fin start to interact, there is a

generally common pressure distribution structure, but there are significant

differences in the development downstream as the fin angle (shock wave strength)

is varied. The flow downstream clearly has some complicated structure. There is

no uniform region at the theoretical inviscid shock pressure ratio, and the inviscid

6



shock wave analysis would seem to be a very poor approxiamtion of this flow. The

key unanswered questions are primarily associated with the structure of the flow

after the initial interactions take place.

3) The only computations which have been made for this specific set of

experiments is that of Ref. 3. The comparison of their results (from Ref. 3) for the

110 interaction is shown in Figs. 6 and 7. As noted in that report, and clear from

the examination of the two figures, although the computations give some very crude

approximation, the pressure fields are quite different. It also should be noted that,

at the moment, the comparison is for one interaction, a rather strong one in our

present framework. The computational results are also limited to the initial portion

of the data presented in Ref. 1. The lack of ability to predict, in very good detail,

the original single fin interactions is probably the major reason why the subsequent

interaction is not very adequately simulated. It should also be noted that the

"general" validation of the computation was made for quite strong shock waves (200

at Mach number of 3), whereas, in the present complex geometries, the shock wave

strengths are much smaller. There has been little in the way of computational

validation for weak shock waves. It is important to stress the necessity of

validating the computations for the weak waves used in the present studies before

drawing any general conclusions about the capability of computation to reasonably

predict the complicated structure which is developed. The use of computation, in

their present form, to derive flow field structures downstream may be severely

compromised in the light of their inability to reasonably predict the complicated

surface pressure distribution patterns noted herein. Since the new experiments have

shown that there is little effect of the exit conditions for the 9" fins of Ref. 1, the

data set provides a full flow field to test the computation to a considerable degree.
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b) The Reflected Shock Interaction. Fig. 8

The reflected shock interaction provides a unique test of the intersection of a

three-dimensional and a two-dimensional interaction in a corner. Both of these

interactions have been studied separately, and have been computed with varying

degrees of success. The interaction of these two flowfields provides a unique test

of flowfield modeling and computational validation. The first mean wall static

pressure data which has been analyzed was presented in Ref. 5 at the January 1991

AIAA Meeting. The data set, which was completed under the subject grant,

includes three different fin lengths and two positions of the fin with respect to the

flat plate. Little of this data, beyond that presented at the AIAA Meeting, has

been completely reduced, and no computations have been made to date.

Results and Discussion

1) In Fig. 9, the pressure contours on the wall and floor for 60, 80, and 110

interactions are presented. There is a general similarity in the constant pressure

contours. Starting from close to the wall centerline, there is a region of 1/2 to

about 1 inch where the pressure contours are approximately normal to the initial

flow. Then there is a fanning out, both upstream and downstream, as one

approaches the corner. It is possible to pick out one pressure contour which looks

almost two-dimensional over the entire span, but it is clear that the corner

interaction has had a major effect on a large part of the "two-dimensional" flow.

If one examines the "three-dimensional fin flowfield" starting with station -2.3, the

effects on the three-dimensional fin flowfield is clearly seen.

2) Some general idea of the interaction of the two- and three-dimensional flows

can be outlined by noting the change in the two- and three-dimensional

characteristics. The dotted lines in Fig. 9 show the upstream boundary of this

large interaction region, which will clearly dominate the flows downstream. Quite
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contrary to expectations, the shape and extent of this "comer interaction" does not,

from these first results, appear to differ significantly for different shock strengths.

A comparison of the 60 and the 110 interaction shows a shift streamwise (due to a

shift in the shock impingement point), but no substantial difference in the upstream

boundary. The effect of the two-dimensional interaction, clearly unseparated for

the 60 shock and separated for the 110 shock, does not appear to have a major

effect on the resulting upstream surface pressure distribution influence. Further

results for other angles (now under study) may clarify this trend, but flow field

results are needed to critically evaluate this trend.

3) From the examples presented, it is quite clear that the flow in the corner

is quite different and cannot be directly derived from the classical two-dimensional

or three-dimensional flows. From the information presented, there is no way to

derive the vortical structure which flows downstream. More detailed information,

particularly flowfield details, will be required to determine, the structure of the

interaction and the downstream propagation of the complex vortical field generated

in the comer.

a-b Comments

Future work on this complex interaction, as well as continuing work on the

cross shock configuration mentioned earlier, must emphasize the requirements for

flowfield information to determine flow structure. Of equal importance, although

not obvious from the discussions presented herein, is the need for detailed surface

information, both mean and non-steady pressures and heat transfer. Such data

would provide a framework for a better understanding and prediction of such

flows, and to provide a specific target for computation. The determination of the

effects of the downstream boundary (exit conditions) requires, in this author's mind,

comparable tests with different length fins, and flowfield details, to assure that
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upstream propagation effects are not important in the data presented.

Both of the test set-ups for the crossing and reflected shock interactions were

carried out in a model-wind tunnel configuration which permits optical access for

applications of new laser techniques to probe the flow field. A survey rake for

total pressure and static pressure near the exit of these configurations has also

been completed, but has not been used. Preliminary tests of Reyleigh scattering

techniques using UV lasers have shown that shock waves and boundary layers can

be captured by a UV camera, and further development can provide key flow field

information to supplement the detailed wall static pressure distributions obtained in

the current program.

c) Boundary Layer Studies

Both the crossing and reflected shock configurations were enclosed between two

sharp, flat plates which extended approximately 7 inches upstream of the fin leading

edge. The enclosure provides a well-defined initial and boundary conditions for

-')mputations. However, whereas most of the original work on simple

configurations took place using the wind tunnel wall boundary layer, which was

quite thick and permitted detailed measurements, the flat plates used to enclose the

cross shock and reflected shock provide much thinner layers which have not been

totally defined for computation. To provide a calibration for the computations of

the boundary layer before the interaction, detailed studies were initiated on a sharp

flat plate, with surveys being made at three longitudinal locations and a series of

transverse locations at each longitudinal station. Although the original concept was

to obtain a full Reynolds number variation of length and stagnation pressure, during

the subject period only the boundary layer on the flat plate with a stagnation

pressure of 100 psia (the primary test condition) was obtained. The results for the

three stations are presented in Ref. 5, and should be used as the first test of
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computational c,,,ability before the detailed interaction within the configuration is

carried out.

11



2. DEFERRED STUDIES

Over the past years, as the primary studies were being carried out, several key

elements arose which became the subject of parallel research activities. These were

all deferred during the subject period, but are key elements which should be

considered in further research in this area.

a) The present test configuration was deliberately set up to have symmetry

around a horizontal plane, i.e. the top and bottom boundary layer conditions were

the same. For symmetrical shock crossing interactions, this provided two planes of

symmetry simplifying the computational problem. One key element of the crossing

shock interaction program was to consider the phenomena when the boundary layers

on the top and bottom walls are different. This is a specific case for many of the

high speed inlets considered in the inlet-airframe integration problem. The original

plans were to carry out the crossing shock interaction with one plate and with the

fins extending to the tunnel wall, to provide a test of this problem.

b) Since the interaction is a shock wave boundary layer one, the effects of

Reynolds number on the boundary layer characteristics and the performance of

simple and complex interactions under Reynolds number variations should be carried

out. Both the symmetrical cases and the asymmetric cases noted in a) above, as

well as several simple configurations should be examined.

c) Many of the basic studies, have been extended, in recent years, to rather

strong shocks to permit better definition of the flowfield structure. However, for

many interactions of practical interest, the shocks will be weak. Much of the

effort on "strong" shocks, approximate conical flows, separation (however it is

defined), and flow field details may not be appropriate for the weak shocks in

inlets and in external aerodynamics of practical bodies. Some attempt has been

made in the complex interactions, noted previously, to extend the tests to
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interactions which have not been examined for shock strengths of this low a value

in the basic studies. Such basic studies should be undertaken, since the "conical"

approximation and proposed flow structures may not be appropriate.

d) The results for both the basic and early cross shock work have indicated,

through high frequency wall static pressure measurements, that the flow is

unsteady, to some degree. All of this work was deferred during the current years

because of the complexity and time constraints for such tests. However, they

provide a key element of input into concepts for turbulence modeling for

computations for such studies. They may be an important element in the

computation and the use of the results for downstream conditions.

e) It has become clear over the past several years that the measurement of

heat transfer on the wall, in considerable detail and at high frequency, would

provide a new and very important element for future applications and computational

validation. Although under the subject contract, a concept was develeoed, and an

early version of a gauge was constructed, this work has been deferred. It should

be a key item for future activities.

f) There has been a continuous question of validity of test data when there is

essentially no duplication of the results available from the Gas Dynamics Laboratory

8" x 8" High Reynolds Number Supersonic Tunnel. One of the major thrusts of the

program of some years ago included the construction of a Low Turbulence Variable

Geometry Tunnel which, when operational, could provide the first direct comparison

for a complex or simple interaction in two tunnels at the same Reynolds number and

Mach number, but with different turbulence fields. This would provide an

1mportant impact for future studies.

g) An examination of the complex interactions which have been studied in the

last two years has shown that the definition of the flowfield downstream of the

13



primary interaction is of key importance in building the structure for the following

flowfield. The Low Turbulence Variable Geometry facility was designed to study the

flow downstream of simple interactions, but the tunnel was never brought into

operation and all work has been deferred.
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3. COMMENTS ON THE FUTURE

The details of the previous two sections defines a framework for a long term

program on shock wave turbulent boundary layer interactions. The support of OSR

and NASA for the past years has provided a unique base for future activities and

included the initiation of the programs carried out at Penn State and the

University of Texas, Austin. In addition, these activities have spurred

complementary and parallel studies in Europe. However, the link between the major

advances which have been made in the basic studies to applications to real vehicles

has not been strong. The complex interactions which have been the emphasis of

the present studies over the past years is an attempt to help bridge that gap. An

understanding of the applied problems for external, internal, and inlet-airframe

integration can provide some guidance for future studies. The inclusion of heat

transfer is particularly important for extensions to higher Mach numbers.
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4. REPORTS AND PUBLICATIONS

The first phase results on the cross shock configuration were presented during

the previous year, Ref. 1. The unsteady studies and the first results of the

reflected shock are presented in Refs. 2, 3 and 5. Analysis of the crossing shock

results, carried out without support of the present grant, were presented at the

January 1992 AIAA Meeting, Ref. 4. Further reports and publications, using the

generated data base, will depend on time and funding availability. The work of

Ref. 6, although completed under previous support, was presented during this grant

period.
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5. THIRD YEAR PROGRAM
Introduction

The current section summarizes the major results obtained under the sponsorship

of AFOSR Grant 89-0033, monitored by Dr. L. Sakell, for the period October 1, 1990

to August 31, 1991. During this period, the funding was only sufficient to support

the tuition and stipend of a single graduate student Wolfgang Konrad, and this

section will summarize his progress.

For the past several years, considerable experimental work at the Princeton

Gasdynamics Laboratory has been directed towards a better understanding of

turbulent shear layer behavior at Mach 3. A wide variety of flow configurations

has been studied, including high Reynolds number, zero pressure gradient flat plate

boundary layers (Spina and Smits 1987, Spina et al. 1991, Smith and Smits 1991),

flat plate boundary layers with adverse and favorable pressure gradients (Fernando

and Smits 1989, Smith and Smits 1992), boundary layers on concavely curved walls

(Jayaram et al. 1987, Donovan et al. 1991), shock wave boundary layer interactions

(Smits and Muck 1987, Selig et al. 1989), and flow over a backward-facing step

(Hayakawa et al. 1985, Shen et al. 1990).

With support from Grant 89-0033, Wolfgang Konrad started a new investigation:

the detailed study of a three-dimensional turbulent boundary layer at Mach 2.87.

The three-dimensionality is introduced by a curved sharp fin, designed to produce a

swept isentropic compression (see Figure 1 in AIAA Paper 92-0310, attached). The

maximum flow deflection in the freestream is 200, corresponding to a pressure rise

of a factor of about three. The aims of the research are: (1) to study the response

of compressible turbulence to the onset of three-dimensionality; (2) to determine the

accuracy of a computational method (the method used by Professor Knight of

Rutgers University) to compute the flow; (3) to develop recommendations for
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turbulence modeling in compressible three-dimensional flow (for example, the use of

non-isotropic eddy viscosities); (4) by comparison with similar two-dimensional

pressure gradient flows, to assess the effect of in-plane curvature as a possible

mechanism for turbulence suppression; and (5) to determine the usefulness of such

isentropic or "soft" compressions in application to inlet design as a means of

reducing flow losses associated with shocks and improving the compressor entry

flow.

Experiment and Experimental Results

The experimental details and preliminary results were presented at the 30th

Aerospace Sciences Meeting in Reno, Nevada, January 6-9, 1992. The paper,

number 92-0310 entitled "A Three-Dimensional Supersonic Turbulent Boundary Layer

Generated by an Isentropic Compression", authored by W. Konrad, A.J. Smits and D.

Knight, is attached to this report. The paper also gives a first comparison

between the experiment and the computation by Knight. The results show that the

simple Baldwin-Lomax model used in the computation captured the overall flowfield

quite well. Generally, however, there was a tendency to underpredict the upstream

extent of the interaction, and to overestimate the degree of turning experienced by

the boundary layer flow. (See AIAA Paper 92-0310, attached, for further details).

Futre Work

To document the turbulence structure, the primary tool will be the hot-wire

anemometer, which gives velocity information at one or more points in the flow.

Extensive measurements of wall pressure fluctuations will be made using miniature,

high-frequency-response pressure transducers, and we hope to measure surface heat

transfer fluctuations using thin-film gauges. During the last two years, we have also

implemented Rayleigh scattering to obtain instantaneous density distributions in a

plane, and we are just starting to use Raman Excitation and Laser-Induced
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Fluorescence (RELIEF) to acquire velocity data along a line.

We plan to use these techniques to provide information on the structure of the

turbulence in the three-dimensional flow, and some early results on space

correlations of the density field using Rayleigh scattering have already been

obtained (see Figure 10).
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Fig. 2. Geometry of the X-shock wave turbulent boundary layer interaction
study. Top and bottom plates extending approximately seven inches
upstream of the fins enclose the four inch high fins separated by
six inches at the tips.
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Fig. 4. Examples of detailed wall static distributions for three

X-shock symmetrical configurations. 9" long fins, M = 2.93.
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Figure 8. Fin Shock Wave Reflecting Geometry (Corner Flow).
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Fig. 9 .Mean Pressure Contours on the Floor and Wall for Several
Fin Angles, 60, 80, and 110, Approximate Upstream Boundary
of 3-D/2-D Interaction.



a)

b)

Fig. 10. Planview images of space correlations of the density field obtained by averaging

160 Rayleigh scattering images. (a) Undisturbed Mach 2.9 boundary layer flow. Flow is from

left to right. (b) Three-dimensional boundary layer at the second survey point shown in

Fig. 7 of AIAA Paper 92-0310, attached. The wall distance is the same in both images,
that is, 0.6 times the boundary layer thickness.


